A general secondary structure is proposed for the 5S RNA of prokaryotic ribosomes, based on helical energy filtering calculations. We have considered all secondary structures that are common to 17 different prokaryotic 5S RNAs and for each 5S sequence calculated the (global) minimum energy secondary structure ( 300,000 common structures are possible for each sequence). The 17 different minimum energy secondary structures all correspond, with minor differences, to a single, secondary structure model. This is strong evidence that this general 5S folding pattern corresponds to the secondary structure of the functional 5S rRNA.
INTRODUCTION
The small 5S ribosomal RNA is necessary for the structural integrity of the large ribosomal subunit and for activities associated with protein synthesis (2; 3). Many prokaryotic 5S rRNAs including E^. coli, are competent to replace a gram positive 5S RNA in the B_. steorothermophi 1 us 50S subunit reconstitution system (4; 5); although eukaryotic 5S rRNAs, thus far, have not been reconstituted in the B_. stearothermophilus system (5; 6).
Numerous investigations have been made of the single-and doublestranded regions of 5S RNA using chemical modification (7; 8; 9; 10; 11; 12) and enzymatic digestion (13; 14; 15; 16; 17; 18; 19). These experiments have been performed both on 5S RNA free in aqueous solution and also 5S RNA asso-secondary structures do not always correspond to the true secondary structure (presumably because tertiary and other interactions form an important contribution to the total energy). Pipas and McMahan (41), for example, have shown that although the cloverleaf is consistently among the 1-2% of lowest energy structures, i.e. within the first 10,000 lowest energy structures, other secondary structures frequently have lower energies.
We have devised a comparative global method that is feasible to apply to even large ribosomal RNA's. Our helical filtering technique, outlined in Figure 1 , involves calculating the minimum energy homologous structures. It is illustrated using two different, although related, hypothetical tRNA sequences. Both sequences can form a variety of secondary structures (approximately 1,000,000 for an average tRNA). Since any correct folding must be consistent with both sequences, only the secondary structures that can be made by both molecules need to be considered. Hence from these two groups, the subgroups corresponding to homologous secondary structures are A diagrammatic representation of the process of calculating the minimum energy homologous secondary structure is shown using two hypothetical tRNA sequences. In practice, the selection of homologous structures (helical filtering) is done by first accepting homologous helical regions and then using them to construct the sets of common structures. To compare directly entire structures would be prohibitively time consuming. selected (helical filtering). In the final step, the lowest energy structure from each homologous subgroup is calculated and the minimum energy structures are compared. One can show that the method converges, as a sufficiently large number of sequences are included. We estimate the degree of convergence by comparing the solutions obtained from each sequence, and consider that convergence occurs when all of the minimum energy secondary structures are the same or nearly the same.
In this paper we demonstrate that a single bifurcated secondary structure pattern, which in analogy with the cloverleaf of tRNA has been named the wishbone model, corresponds to the minimum energy homologous solution for 17 different prokaryotic 5S RNA's. Details of the structures are described in this paper.
METHODS (a) Computer Analysis
Homologous secondary structures were selected as individual helical regions using a computer to ensure that important structural possibilities were not overlooked. Once common helical regions were obtained (helical filtering) then homologous structures were formed and ordered according to the energy of their secondary structure using the algorithms and the program previously developed and described by Studnicka e_t a^. (44).
(i) Sequence Alignment The nucleotide sequences (reviewed in 45; 46) (see Figure 2 for a detailed listing) were aligned. Principally conserved bases (A, C, G, U) were aligned but occassionally purines and pyrimidines were aligned when it seemed appropriate. We did not use a formal set of alignment rules but fit the overall pattern using the principles mentioned above. Similar alignments (35; 45; 47; 48; 49) have been published by others, although they differ from ours in minor details.
(ii) Helical Filtering Region A in one species and region B in another species are defined to be homologous helices if they satisfy the requirements described in the legend to Figure 3 . This is less stringent than strict isomorphism (identical locations and lengths), and allows for the possibility that a helix may have been shortened, lengthened, or moved in either direction during its evolution. In addition, the alignment procedure is expected to compensate for insertion and deletion mutations. If one or more non-pairing bases occur within a helix, that helical region is treated in our program as two separate helices, but if blank spaces have been inserted by us for alignment purposes, helices are temporarily broken into subregions, which are subsequently rejoined. Figure 3 , patterns of basepair formation (permitted pairs are AU, GC, and GU) are examined for all group numbers. Helices are filtered according to a stringency criterion set by the user (typically one missing helix would be permitted in a group of 6-8 sequences since most 5S sequences were not determined by rapid methods and could have errors.) Helices which have too few homologs in other species are discarded, and those which survive filtering are added to a list of preregions. After temporary breaks due to spacing have been repaired, preregions are assigned energies according to published data (44). No biochemical data exist for energies of loops bounded by GU pairs (17; 44), so that although such groups exist in tRNA, all GU pairs occurring at ends of a helix have been removed. Since helices must have at least two basepairs to be saved, occasionally a helix of two standard base pairs will be kept in one sequence while a helix of one AU pair and one GU pair will be discarded in another species even though both helices will have survived the filtering step.
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The RNA structure program was modified to either generate a set of unfiltered structures from a given nucleotide sequence, or to accept a region table produced by the filtering program to yield a set of filtered structures. In either case, if all helical regions are used to generate a structure the result is called a complete solution, but if some regions are eliminated by the user prior to structure building the result is a partial solution. In addition, regions may be subjected to greater or lesser degrees of branch migration (44), in order to resolve conflicts in basepairing between different helices that share common nucleotides.
The computer system available at the time of this study (APL*PLUS implemented on UCLA's IBM 370/3033) provided only 64 kilobytes of in-memory workspace, sufficient space to solve structures involving no more than about 225 possible regions. The unfiltered region table of a typical 5S rRNA molecule contains about 350 regions (of two or more basepairs) and that of 5.8S rRNA contains about 650 regions, not including subregions that are added by branch migration. Hence only partial unfiltered solutions of 5S and 5.8S RNA were obtained on our computer. We had no difficulty obtaining complete filtered solutions in the cases discussed here since filtering greatly reduced the number of regions to be considered.
The helical filtering process is analogous to other types of noise filtering in the sense that only those data that are consistent with some higher level organizational principle are kept. For example, in optical diffraction of electron micrographs only data that fit a predetermined sym-metry are kept, and in RNA f i l t e r i n g only "homologous" helices are kept. 
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c c CM) coli are weak (two GU pairs and one GC pair) but s t i l l energetically favorable, according to our rules. In EL subtil is however, two stacked GU pairs are separated from helix H by a CU "pair," and are shown as weakly basepaired in Figure 5C . Nearly a l l prokaryotes have five strong (usually GC) pairs proximal to the hairpin loop and three weaker (GU) pairs distal to the loop.
This suggests that extremely weak but complementary partners may be required.
In this region, a Ug O -Gg 6 (gram negative) pair is s t r i c t l y conserved in helix H in a l l procaryotic sequences (see Figure 40 , and the pair below i t is usually UU in gram positive sequences and always GU in gram negative sequences. Pairs of pyrimidines occasionally occur in tRNA helices (see for a discussion 50), but there are no rules available for calculating their energies in our models. Thus we do not show them as s t r i c t l y paired although by analogy with the gram negative structure this probably occurs.
Although these are the minimum energy homologous secondary structures, they are not the lowest energy secondary structures. In general, much lower energy structures are obtained i f non-homologous solutions are allowed. As an example, we have calculated a partial unfiltered solution for the £. coli 5S sequence. This structure, unlike the lowest energy homologous structure, i s linear. Indeed, a virtual continuum of linear structures have lower energies than the homologous solution. Although we calculated only a partial solution (due to lack of sufficient in-memory computer storage) a reasonable approximation to the minimum energy unfiltered solution was obtained by the following approach. F i r s t , partial solutions always contained the two long helices (helix A and helix M) that are labeled in Figure 5B . Using these two helical regions to partition the molecules into two independent domains f44), we could solve each domain completely and separately. I f a better unknotted secondary structure exists, i t must lack at least one of the long helices, A or M, which seems very unlikely. The energy of this linear model -292.4 kJ (-69.9 kcal/mole), is s i g n i f i c a n t l y greater than that of the lowest energy £• c o 1 i homologous structure. We assume, however, that the homologous solution is favored 2H. s i t u by t e r t i a r y interactions as well as by interactions with other ribosomal components.
The sequences of two thermophilic bacteria, f$. stearothermophilus and T. aquaticus have a l l the "common" helices. Their secondary structures have two principal features that distinguish them from other 5S sequences ( Figure  6 ).
Their t o t a l energies are p a r t i c u l a r l y large (-243.8 kJ f o r £ . stearothermophiius and -278.0 kJ f o r T. aquaticus) and an atypical arrangement i s found in the A helix of both. The A helix of J . aquaticus contains one unpaired nucleotide ( U U 2 ) a n d t n e A h e l 1 x o f g. sterothermophilus can form 11 nucleotide pairs (rather than the normal 10). In addition, helix C is more stable in these thermophiles than in ]5. subtilus. J_. aquaticus, however, derives most of i t s added energy from the many stacked GC pairs (even though U 1 1 2 -j s unpaired) of helix A. This is in agreement with the evidence that 5S rRNA from these two thermophiles has a s i g n i f i c a n t l y increased T m f o r denaturation (32). T. aquaticus has two clearly resolved Figure stearothermophiius where the higher peak is evident only as a shoulder (32).
The minimum energy homologous secondary structure calculated for Halobacterium cutiribrum 5S rRNA (shown in Figure 7A ) contains a l l of the helices of the common 5S structure. I t s most unusual features are that helix F is four base pairs long rather than two, and that the connection between , UUX
V. The 5S rRNA from E_. coli is the most extensively studied molecule of its class, and for this reason it is emphasized in this discussion. E_. coli 5S exists with two secondary foldings (24; 31; 33; 34), an "A-form" and a "B-form." The A-form binds ribosomal proteins specifically under reconstitution conditions (52) suggesting that it is the functional form and that a homologous secondary structure solution should correspond to and be compared with the A-form. No functional role has been found for the B-form.
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The enzvmatic cleavage and chemical modification data have been indicated on the "wishbone" model for JE. coli 5S RNA in Figure 5A . In general these data support the details of the model. When the A-form is freed from ribosomal proteins, nucleotide G,^ is the nucleotide most sensitive to kethoxal (7; 33), and U 4 Q i s the nucleotide most sensitive to carbodiimide (53). The first cleavage of Tl RNase occurs at G 41 (54; 55), and both RNase IV and sheep kidney nuclease reveal a reactive region (7). Although five of the 7 C's contained in this loop are sensitive to methoxamine ( 7 ) , the sequence CCG 44 i S n o t reactive with most enzymes and reagents [G 44 c a n be slightly kethoxalated (10)]. G 13 is readily kethoxalated [nearly as reactive as G 41 (7; 56)], and is also very sensit i v e to Tl RNase (55). All four of the sites reported for nitrous acid deamination [A 15> A 6 6 , A73, and Ai O 4 (7)1 are unpaired in the wishbone model, a methoxamine site C 8g ( 7 ) , an( j three additional kethoxal sites [G 75> G 10 0> a n d G 102 ( 7 ) ] a r e a 1 s o u n P a i r e d ™ t n e model. Others (57) however did not find these last 3 kethoxal sites reactive.
The A-form, but not the B-form (17; 34), can bind specifically and stably to ribosomal proteins L18 and/or L25, and that complex has been reported to further bind a complex of L6 and 23S rRNA (58). Under those conditions, pancreatic RNase cleaves after C^ and C 68 , detaching an entire stretch of 57 nucleotides from the complex and totally degrading i t to ol igonucleotides. The remainder of the molecule remains bound to the protein complex and is unreactive with pancreatic RNase except for UCUgg which is cleaved (58). The lack of Tl RNase cleavage data for bound complexes and also the large number of purines that are present in singlestranded loops in the wishbone model make more precise mapping and verification d i f f i c u l t .
Nevertheless, the patterns of protection for L18 and L25, both individually and together, suggest that helices F and H could be close to helix A in the three dimensional 5S structure.
An interaction has been proposed between the sequence T CG in tRNA and the sequence CGAAC in 5S rRNA (30; 59; 60; 6 1 ; 62). In the wishbone model, as well as in most models proposed, this sequence is single stranded.
Although we can relate the wishbone model to the functional, A-form of 5S RNA, we cannot easily relate the B-form to a single secondary structure. Indeed, the B-form is thought to correspond to a spectrum of related secondary structures. A feature characteristic of the £. coli sequence is that the lowest energy secondary solutions, unlike the homologous solutions, are linear.
These structures are candidate "B" structures. A clue to this interpretation comes from experiments (14) demonstrating that a complex of fragments 25-41 and 80-96 could be found after Tl digestion of the B-form, but not of the A-form. This sequence contains the M helix characteristic of linear 5S models (see Figure 5B) . In t h i s model G 41> (which is easily kethoxylated in the A-form is protected in the B-form) is within a double stranded region, paired to Ug 0> we have no direct evidence, however, that the lowest energy non-homologous structure corresponds to the B-form. Lecanidou et _al_. (30) have shown that 5S rRNA in the absence of protein and Mg ++ approaches equilibrium as a mixture of both the A-form and the B-form, and that the addition of Mg ++ drives the conformation equilibrium completely to the A-form at a l l temperatures. I f the total free energy of the A-form is lower than the B-form, then t e r t i a r y energy contributions compensate for the difference in secondary structure energy between the B-(-292.4 kJ) and the A-forms (-229.3 kJ) . This suggests that t e r t i a r y interactions of at least -63.1 kJ contribute to the s t a b i l i t y of the A-form and implies that they make a significant contribution toward the total 5S energy. This is consistent with our rationale of using only the homologous component of the secondary structure energy to carry out minimization searches.
I f the A-form were only s l i g h t l y more favorable than the B-form at equilibrium, kinetic barriers could exist to prevent transformation from the A-form to the B-form. The A-form and the B-form would thus be local minima separated by a high activation energy. This hypothesis is given some support by a measurement of the activation energy required for "renaturation" of icoli 5S rRNA, which was +259.8 kJ (31; 63). Since transformation between our models for the A-and B-forms requires breaking a l l of the basepairs except those in helix A, this measured value agrees f a i r l y well with our predictions.
Our calculations suggest that certain prefered folding pathways are l i k e l y . The unfiltered partial solution for Model B was the best secondary structure from more than 100 million possible structures (not including substructures) and the complete solution (had i t been calculated) would have involved more than 10* 2 possible structures. For 5S rRNA to assume a d i fferent secondary structure every 10"^ second, i t would need nearly three hours to search each structure. Experiments on the folding of tRNA (64) argue that folding begins as soon as the 5' end of the tRNA molecule is synthesized. Viewed in the light of this folding pathway, the entire constant length arm of the "A" form containing helices B, C, 0 and E could be folded, before helix M (of the "B" form) would be available for base pairing, since the M3 region is on the 3 1 side of the B3 region.
Gram negative 5S rRNA sequences have 120 nucleotides, gram-positive sequences have only 116 and the length of the blue green bacteria are intermediate. The alignment in Figure 2 , taking into account conserved purines, pyrimidines, and nucleotides shows that the four missing bases were added to the 5' and 3' ends of the 5S molecule, so that the loop connecting helices A, B, and F is four bases longer in gram-negative sequences This would involve breaking the ^io"^no (Gj^-C 107 ) base pair in helix A, when it is present, and substituting the pair G 6 g " c n o ^G67" C 107^" Energetically this is slightly favored in gram positive sequences (-0.6 kJ) and slightly disfavored in gram negative sequences (+0.1 kJ). It has the following points to recommend it: 1) It is universal since it can be made in all prokaryotic 5S sequences.
2) It converts the A helix into a region 9 base pa-irs long in gram positive and negative sequences (except T. aquaticus). 3) It makes the A helix in prokaryotic 5S-sequences the same length as in eukaryotic sequences (discussed in Studnicka, Eiserling and Lake, in preparation). 4) And it is consistent with the resistance of E. coli 5S helices A, F and H (in the presence of L18 and L25) to pancreatic RNase (58). Although the Ggg-C 1 1 0 intercalated pair satisfies the evolutionary requirements for an interaction, its slight energetic change and the presence of a competing pairing scheme makes us hesitant to classify it as an interaction.
In summary, we have presented our evidence for the "wishbone" model of 5S rRNA, based on a combined comparative and energetic analysis using helical filtering. We believe the evidence strongly supports some novel features, such as the intercalated base pair C 2 g -G 5 7 and the constant length of the combined B, C, D and E helices. [Other features such as a possible G helix in prokaryotes and a possible role of the invariant G g7 (Ggg in gram positive sequences) are speculative and will require more information to be evaluated.] In light of the general applicability and universal minimum energy properties of the "wishbone" model, we regard its principal features as being proven. We hope that this structural model will aid in the ultimate understanding of the structure and function of 5S rRNA. 
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